Understanding ecological traits of species associated with vulnerability to habitat fragmentation is important for the development of effective conservation efforts. However, few studies have examined ecological correlates of vulnerability to fragmentation among tropical small mammals at fine spatial scales. Here we use random forests and regression tree models to identify ecological correlates of vulnerability to fragmentation among terrestrial small mammal species across 2 networks of forest fragments in the East and West Usambara Mountains, Tanzania. Small mammal species vary considerably in their vulnerability to fragmentation as assessed by species occupancy and change in abundance. Random forests models indicate that matrix use is the highest-ranked predictor of vulnerability to fragmentation with small mammal species that do not use or use few matrix habitat types, being more vulnerable to fragmentation than species that use all adjacent matrix habitat types. Our results emphasize the importance of local-scale approaches for designing conservation strategies for Afrotropical small mammal species.
Habitat loss and fragmentation are a dominant cause of species loss worldwide (Wilson 1992 ). Yet species' response to habitat loss and fragmentation can vary, with some species declining in abundance and others increasing or remaining stable. An understanding of ecological traits associated with vulnerability to habitat fragmentation is important for identifying those species most vulnerable to fragmentation and developing effective conservation strategies.
Among mammal species, low population density and size, small geographic range, low intrinsic rates of growth, high trophic level, large body size, and matrix intolerance have been shown to be correlated with extinction risk (Laurance 1991; Newmark 1995; Gascon et al. 1999; Purvis et al. 2000; Jones et al. 2003; Henle et al. 2004; Cardillo et al. 2005 Cardillo et al. , 2008 Davidson et al. 2009; Fritz et al. 2009; Vetter et al. 2011) . However, the relative importance of individual ecological traits can vary among taxonomic groups and across spatial scales. In addition, extinction proneness in mammals is phylogenetically nonrandom (Purvis et al. 2000) .
To date, most studies that have assessed the influence of species traits on extinction risk of animal species have been conducted at regional or global spatial scales. Important results emerging from several recent studies of mammals and amphibians at regional and global spatial scales are that extinction risk for species is complex and context dependent, that ecological predictors can interact, and that there are different and often unique pathways to extinction among species that have different ecological traits and extrinsic threats (Davidson et al. 2009; Murray et al. 2011) . However, relatively little is known about ecological traits associated with vulnerability of small mammals to fragmentation at fine spatial scales in the tropics (however, see Laurance 1991; Viveiros de Castro and Fernandez 2004) . Such information is important for developing effective on-the-ground conservation strategies for tropical small mammals. To our knowledge there has not been a previous study examining ecological traits associated with vulnerability to fragmentation among Afrotropical montane small mammals. Here we identify ecological traits associated with vulnerability to fragmentation among small mammal w w w . m a m m a l o g y . o r g 269 species in the East and West Usambara Mountains in northeast Tanzania.
MATERIALS AND METHODS
Study area.-Fieldwork was conducted in northeast Tanzania across 2 networks of 10 forest fragments on the Amani Plateau (585 0 S, 38837 0 E) in the East Usambara Mountain (EUM) and 5 forest fragments on the Ambangulu Tea Estate (584 0 S, 38824 0 E) in the West Usambara Mountain (WUM-see Stanley et al. 2011a, figs. 4 and 5) . The distance between the EUM and WUM landscapes is 22 km and the Lwengera Valley, 300 m in elevation and 17.5 km in width, separates these massifs. The EUM and WUM are part of the Eastern Arc Mountains, a global biodiversity hot spot, which are sites that contain unusually high numbers of endemic species and have lost greater than 70% of their original habitat (Myers et al. 2000) .
Forest fragments studied in the EUM and WUM ranged in size from 0.2 to 887 ha, with the largest forest fragment in the EUM (521 ha) and WUM (887 ha) used as a control site (Appendix I). In each of the control sites, we selected a 44-ha study site, which is approximately equivalent in area to the total sum area of the small fragments in each of the 2 landscapes. The distance between control sites and individual fragments ranged from 390 to 6,550 m, whereas elevation of the fragments ranged from 970 to 1,150 m in the EUM and from 1,170 to 1,215 m in the WUM. Forests at these elevations are classified as submontane (Iversen 1991) , with a mean annual precipitation of approximately 1,900 mm (Stanley et al. 2011a) .
We have previously classified the vegetation structure of each of the study sites as either primary forest, slightly disturbed forest, and/or moderately disturbed forest. Analysis of habitat structure at these sites on the basis of a principal components analysis of 10 vegetation features indicated that shrub, tree, and Maesopsis eminii (an exotic invasive tree species) density and ground cover were the most important habitat variables that separated these 3 broad levels of forest disturbance (Newmark 2006) . Each of the control sites within the EUM and WUM contains the entire gradient of forest disturbance types (primary forest, slightly disturbed forest, and moderately disturbed), which occur across forest fragments in each of the 2 landscapes.
All of the fragments and control sites have abrupt edges and are bordered entirely by tea, or a combination of tea, cultivated, and fallow agricultural land, and introduced Eucalyptus. According to tea estate records, interviews with local residents, and historical accounts (Conte 2004) , all of the small fragments in the EUM and WUM were created between approximately 1893 and 1955 when adjacent forest was felled to establish commercial agricultural plantations (coffee and tea) or through small-scale agriculture expansion (Newmark 1991) . The mean age of fragments in the EUM and WUM at the time of our research was 65 years.
In this analysis, we assume that the control sites reflect the prefragmentation conditions across fragments in our study system. We, however, acknowledge that comparative natural snapshot experiments (Diamond 1986 ) such as this study cannot simultaneously hold constant many independent variables as compared with laboratory experiments. In addition, unlike laboratory or field experiments, the status of study sites as ''control'' or ''experimental'' is assigned by nature rather than the experimenter (Diamond 1986 ). On the other hand, natural snapshot experiments, unlike laboratory and most field experiments, have the ability to follow longterm response trajectories after a perturbation, are potentially unlimited in spatial scale, and have high realism and generality (Diamond 1986; Blackburn 2004) . Although imperfect, we believe the natural snapshot approach used here does allow us to identify ecological traits associated with vulnerability to habitat fragmentation at a fine spatial scale among small mammal species in the Usambara Mountains.
Census techniques.-We determined the presence/absence of small mammal species using standardized methods across all study sites over a 3-year period (1991 to 1993) during the cool dry season (July to September). Across all study sites, we used a combination of pitfall lines, museum specials (14 3 7 cm, Woodstream Corp., Lititz, PA), Victor rat traps (17.5 3 8.5 cm, Woodstream Corp., Lititz, PA), and Sherman traps (23 3 9.5 3 8 cm, Traps Inc., Tallahassee, FL). The pitfall lines consisted of 11 plastic buckets (26 cm in height 3 26 cm in upper diameter) buried in the ground at 5-m intervals and connected by continuous plastic drift fence (50 cm in height) attached to vertical stakes, and that passed over the center of each bucket. Traps were placed on and above the ground generally following established trails. Edge and forest interior habitats, as well as all major disturbance levels (primary forest, slightly disturbed forest, moderately disturbed forest), were sampled across all study sites. Because our intention was to maximize trap success, traps were placed at sites deemed likely to be frequented by small mammals and, thus, spacing between traps varied with a mean distance across sites of 2.3-6.4 m. Traps were baited daily in the late afternoon with a combination of roasted coconut and peanut butter, and traps and pitfalls were checked twice per day, in the early morning and late afternoon. Pitfalls were set largely for shrews and traps for rodents. Additional information on trapping methodologies is provided in Stanley et al. (2011a) .
Since the objective of the survey was to maximize species detection across study sites, cumulative trapping effort over the survey was proportional to forest area (trap-nights, r ¼ 0.824; bucket-nights, r ¼ 0.904) with a total accumulated trapping effort across fragments and control sites of 13,325 trap-nights and 5,238 bucket-nights. All small fragments across each landscape were inventoried once over a 3-to 3-and-one-halfweek period during a single field season. The control sites were surveyed annually over a 2-to 4-week period per field season at multiple locations (trap lines, n ¼ 4; bucket lines, n ¼ 13-19) to maximize species detection. Matrix habitat types (tea, Eucalyptus, agriculture) were censused at 24 locations adjacent to fragments and control sites in the EUM and WUM (see Stanley et al. 2011a, figs. 4 and 5) with trapping effort proportional to sum total perimeter of a matrix habitat type bordering all fragments (r ¼ 0.763) We used identical methods and trap types to survey matrix habitats, as were used to survey fragments and control sites. All trap and bucket lines in matrix habitats were located 5-200 m from the edge of a fragment or control site.
Captured animals were handled following the guidelines of American Society of Mammalogists (Sikes et al. 2011) . Local residents do not hunt any of the small mammal species that are included in this study, and thus this type of pressure is not a potential factor affecting species persistence and vulnerability to fragmentation.
Analysis of vulnerability to habitat fragmentation.-To identify vulnerability to fragmentation among small mammal species in our study system, we used recursive-partitioning methods, specifically random forests (RF) and regression tree models, which are powerful nonparametric alternatives to traditional linear models (Bell 1999; De'ath and Fabricius 2000; Cutler et al. 2007 ). Regression trees recursively partition predictor variables to explain variation in the response variable. RF are ensembles of regression trees that combine predictions of individual trees through the selection of multiple bootstrap samples (Cutler et al. 2007) . Typically, about 63% of the original data occur in a bootstrap sample. The remaining data are referred to as out-of-bag or OOB data. Since OOB data are not used in fitting trees in the RF analysis, OOB estimates are in effect cross-validated accuracy estimates (Cutler et al. 2007) .
Random forests are particularly well suited for identifying nonlinear, complex relations among predictor variables (Davidson et al. 2009 ). RF and regression trees do not assume data independence and, thus, do not require a phylogenetic control. Because all of the predictor variables were of the same type (i.e., continuous) and were not highly intercorrelated (r , 0.66), we selected a nonconditional RF model to calculate variable importance measures (Strobl et al. 2008 (Strobl et al. , 2009 .
To rank the importance of predictor variables in the RF analysis, we used percent increase in mean square error, which quantifies the importance of a variable by measuring the average increase in mean square error for the OOB data when randomly permuted and compared with the original observations (De'ath and Fabricius 2000; Calle and Urrea 2010). A higher increase in mean square error is indicative of a more important variable (Liaw and Wiener 2002) . Although various workers have previously used a z test to assess statistical significance of individual predictor variables, Strobl et al. (2009) strongly recommend against its use, because the absolute values of the importance scores are highly dependent on the number of trees in the ensemble and the number of randomly preselected predictor variables for each split. Instead, these authors recommend a descriptive ranking of predictor variables, which we adopt here.
Whereas regression trees are easy to interpret because they include directionality, location, and strength of predictor variables on the response variable, individual regression trees can be poor predictors because they make only a single statement about the relation between predictors and response. We restrict use of regression trees to a single tree to assist with the interpretation and visualization of the influence of topranked predictor variables on vulnerability to fragmentation of small mammal species in our study system. Dependent variable.-In the RF and regression tree analyses we used 2 measures of fragmentation vulnerability (Table 1) . First, we used the proportion of unoccupied forest fragments for a species across the EUM and WUM landscapes, with a higher proportion of unoccupied fragments indicating greater vulnerability. We assume that small mammal species vulnerability to habitat fragmentation is inversely proportional to fragment occupancy. Second, we used as an alternative measure of fragmentation vulnerability the ratio of the relative abundance of a species in fragments to control sites following Davies et al. (2000) and Meyer et al. (2008) :
y ¼ mean relative abundance in fragments þ 0:0001 mean relative abundance in control sites þ 0:0001
In this index, relative abundance is based on a standardized sample effort of 55 bucket-nights/sample for shrews and 125 trap-nights/sample for rodents. We added 0.0001 to the mean relative abundance of each species because several species were not captured in either the fragments or control sites. We assume small mammal species, which are more abundant in fragments relative to control sites, are less vulnerable to fragmentation than species, which are more abundant in control sites relative to fragments. The two metrics of fragmentation vulnerability are independent (r ¼ À0.27), indicating that each metric almost certainly assesses a different aspect of fragmentation vulnerability. Independent variables.-The following ecological traits were used as independent variables: Body mass-obtained from field data and expressed as a mean in grams. Geographic range-calculated by digitizing published species range maps (Carleton and Stanley 2005; IUCN 2010 ) and using ArcGIS 9.3.1 (ESRI 2010) to estimate area in square kilometers. To permit comparisons of our results with studies conducted at global and regional spatial scales, we use the global geographic range of a species rather than its geographic range within the Eastern Arc Mountains. Fecundity-defined as the mean number of young born per year and taken from the literature (Kingdon 1974a (Kingdon , 1974b Delany 1975; Nowak 1991) . Matrix use-defined as number of matrix habitat types in which a species was recorded in the EUM and WUM. We used number of matrix habitat types rather than species abundance across matrix habitat types as in several previous studies (e.g., Gascon et al. 1999; Dixo and Metzger 2010) for several reasons. First, species abundance in fragments and control site used to derive 1of the 2 metrics of fragmentation vulnerability is not independent (r ¼ 0.64) of species abundance in matrix habitats. Second, habitat structure of the 3 matrix habitat-types in our study area varied considerably among the 3 habitat-types.
We used the ''randomForest'' and ''rpart'' packages in R (2.12.2-R Development Core Team 2011) to conduct RF and regression tree analysis, respectively. In the RF analysis, number of trees (ntree) and number of randomly preselected predictor variables for each split (mtry) were set to 5,000 and 2, respectively.
RESULTS
Across all forest fragments and matrix habitat types, we recorded 10 shrew and 10 rodent species (Appendix I). Nineteen of 20 small mammal species (95%) were recorded in a control site, whereas 12 of 20 (60%) were recorded in 1 or more matrix habitat types.
The vulnerability of individual small mammal species to fragmentation as assessed by fragment occupancy and change in abundance varied considerably among species. Among 20 small mammal species, the proportion of unoccupied fragments in the EUM and WUM landscapes ranged from 0% (Lophuromys aquilus) to 100% (Crocidura fuscomurina, Sylvisorex howelli, Graphiurus kelleni; Table 1 ). Similarly, the ratio of relative abundance of species in fragments to control sites ranged from , 0.001 (S. howelli) to 25.6 (Grammomys macmillani; Table 1 ).
Multiple randomly permuted regression trees (i.e., RF) indicate that matrix use is the top-ranked predictor of species occupancy and change in abundance (Fig. 1) . In RF models, permutation importance scores for nonimportant predictor variables will vary randomly around zero (Strobl et al. 2009 ), and therefore we conclude that body weight, geographic range, and fecundity are unimportant predictors of vulnerability of small mammal species to fragmentation in the EUM and WUM.
Single regression trees for purposes of visualization (Fig. 2 ) reveal that small mammal species that do not use, or use a few matrix habitat types, are associated with higher vulnerability to fragmentation than small species that use all adjacent matrix habitat types.
DISCUSSION
Our results indicate that patterns of occupancy and changes in abundance among shrew and rodent species vary considerably among species across small forest fragments in the EUM and WUM. RF analysis indicates that matrix use is the highestranked predictor of vulnerability to habitat fragmentation among small mammal species in the Usambara Mountains, with small mammal species that do not use or use few matrix habitat types being more vulnerable to fragmentation than species that use all adjacent matrix habitat types. Our results are consistent with the matrix tolerance hypothesis, which postulates that the ability of species to use matrix habitats influences vulnerability to habitat fragmentation (Gascon et al. 1999) .
We believe there are several plausible nonmutually exclusive explanations for this relation. First, small mammal species that do not use or use few matrix habitat types are less likely to recolonize a fragment following local extinction, or to be ''rescued'' demographically and genetically by dispersing individuals originating from other fragments including the control sites or within the matrix itself, than species that use all adjacent matrix types (Gascon et al. 1999) . Second, species that do not use or use only a few matrix habitat types are more likely to be habitat specialists than species that use all adjacent matrix habitat types. Habitat specialists have been shown to be particularly vulnerable to habitat loss due presumably to a reduction in niche availability (Owens and Bennett 2000) . The vulnerability of habitat specialists to habitat loss has been documented among a wide variety of vertebrate and invertebrate taxa in both tropical and temperate regions (Foufopoulos and Ives 1999; Owens and Bennett 2000; Fisher et al. 2003; Henle et al. 2004; Koh et al. 2004) . Given the known diets and high metabolism of small mammal species in the Usambara Mountains, we believe that most if not possibly all small mammal species recorded in matrix habitat types both forage and move through these matrix habitat types.
Random forests analysis also indicates that geographic range, body mass, and fecundity are poor predictors of vulnerability of small mammals to fragmentation in the Usambara Mountains relative to matrix use. This result is somewhat surprising given that at global and regional scales geographic range, body size, and fecundity have been shown to be important predictors of extinction risk among terrestrial mammals (Purvis et al. 2000; Jones et al. 2003; Cardillo et al. 2005 Cardillo et al. , 2008 Davidson et al. 2009; Fritz et al. 2009 ). We believe there may be several reasons for this difference in findings. First, variation in geographic range, body mass, and fecundity among small mammal species in the Usambara Mountains is considerably less than that among all terrestrial mammal species at global or regional spatial scales. Second, at fine or local spatial scales, the distribution and abundance of resources within and adjacent (i.e., matrix habitats) to forest remnants will almost certainly have a greater impact on population size and temporal variability, important theoretical predictors of population persistence (MacArthur and Wilson 1967; Goodman 1987) , than geographic range, body mass, or fecundity per se.
Finally, we note that in the assessment of ecological traits associated with vulnerability to fragmentation among small mammals in the EUM and WUM, variation in detectability of species within individual fragments has not been accounted for. The ''true'' number of fragments in which a species occurs in our study system is almost certainly higher than the observed, particularly for elusive species. As far as we are aware, the impact of a negative bias in species detectability within habitat remnants has not been examined in relation to assessing ecological traits associated with vulnerability of species to fragmentation. We believe this is an important area of future research.
Conservation implications.-We believe there are several important implications of our results for conservation. First, our results demonstrate that fragmentation differentially affects Afrotropical small mammal species with some species declining, others remaining stable, or increasing in relative abundance (Table 1) . Across forest fragments in the EUM and WUM, 12 of 20 (60%) small mammal species declined in relative abundance in fragments relative to control sites, 2 of 20 (10%) species remained constant, and 6 of 20 (30%) increased in relative abundance.
Second, our results indicate that ecological traits associated with vulnerability to fragmentation among Afrotropical small mammals at fine spatial scales in the Usambara Mountains differ from ecological traits associated with extinction risk among terrestrial mammal species at global or regional spatial scales. This result highlights the importance of local-scale approaches for designing conservation strategies for Afrotropical small mammals and is consistent with recent conclusions regarding the importance of local-scale conservation strategies for Neotropical bats (Meyer et al. 2008 ) and medium-to largesized mammals (Thornton et al. 2011) , and for endangered species in general (Fisher and Owens 2004) .
Last, our results further highlight that sites containing unusually high numbers of endemic and threatened species such as EUM and WUM and the other Eastern Arc Mountains should receive high conservation priority. Indeed, 2 of 10 (20%) shrew species in our study area are endemic to the Eastern Arc Mountains, whereas an additional 2 rodent and 1 shrew species are endemic to the Eastern Arc Mountains and adjacent highlands in northern and central Tanzania (Stanley et al. 2011b ). Given the highly fragmented nature of the Eastern Arc forests, having a median patch size of 11.5 km 2 (Newmark 2002) , and the differential response among small mammal species to fragmentation, reforesting gaps among the largest remaining forest fragments in the Eastern Arc Mountains is   FIG. 2.-Regression trees showing the relation between a) proportion of unoccupied fragments (labeled Occupancy) and matrix use; and b) between the ratio of relative abundance of a species in fragments and control sites (labeled Change in Abundance) and matrix use. The numbers at each node refer to either a) the mean proportion of unoccupied fragments, or b) the mean ratio of relative abundance of species in fragments to control site within that group of species. Species more vulnerable to fragmentation are presented on the right of each branch point and those less vulnerable are shown on the left. The regression trees presented here for purposes of visualization and interpretation show a major split among small mammal species in terms of vulnerability to fragmentation, with those species that use , 2.5 matrix habitat types being more vulnerable to fragmentation than species that use . 2.5 matrix habitat types.
clearly important for those small mammal species, which are adversely affected by fragmentation and do not use any adjacent matrix habitat types.
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